Abstract: Biological databases are blooming today at an increasing rate to deal with the huge amount of data produced by genomic and post-genomic research. The need for a wellmaintained searchable directory is therefore an important issue for a good exploitation of these databases. The BioRegistry repository is automatically generated from a publicly available list of biological databases (The Molecular Biology Database Collection published in Nucleic Acids Research) and aims to associate content metadata with each database in view of retrieval or discovery. Such content metadata are valued with terms belonging to a biomedical thesaurus. Querying modalities including a search by semantic similarity are described. Evaluation of system performance is presented in terms of precision and recall on a collection test. The use of conceptual clustering methods is proposed to build a semantic classification of biological databases enabling browsing through the BioRegistry repository and discovering databases unknown to the user. The BioRegistry repository is now on accessible at http://bioregistry.loria.fr. Any user feedback is welcome for further improvements of the system.
Introduction and background
One challenge for scientists in the semantic web era consists in optimally exploiting all the information stored in numerous web resources. This challenge is especially crucial in bioinformatics regarding the extraordinary multiplicity and heterogeneity of public biological Data Sources 1 (DSs) . Recently the concept of resourceome has been introduced to group together bioinformatics tools, DSs and methods available on the web (Cannata et al., 2005) . 1 In the remainder of the paper, the term data source will be preferred to database to avoid confusion with the Bioregistry database. This reflects also the fact that biological data sources are not always databases in the proper sense of the term.
The authors stress the urgent need to annotate all these resources and to organize this field so as to optimize the access to these resources and their utilization.
Organizing the bioinformatics resourceome is a first step towards an ideal web in which intelligent middleware will be able to handle a user query, distribute it over relevant resources, collect partial answers and merge them back to the user. In this frame of mind, research about mediation systems (Lenzerini, 2002; Rousset and Reynaud, 2004) has been applied to biological data to produce various systems such as BioMediator (Shaker et al., 2004) , BIS (Lacroix et al., 2003) , BioDataServer (Freier et al., 2002) etc. These systems are able to solve two retrieval problems: (i) the DS retrieval problem which consists in matching appropriate DSs with user query, (ii) the data retrieval problem which involves comprehensive mapping between each DS and the mediator schema. Consequently such sophisticated systems only address a small number of pre-selected DSs and will unlikely fit most biologists' needs. To ensure a larger DS coverage the DS retrieval problem has to be investigated and optimized independently of the data retrieval problem.
The DS retrieval problem can be considered as a particular case of information retrieval based on metadata rather than content analysis. Three steps can be distinguished: (i) expressing a need as a query, (ii) matching the query with available information about DSs, (iii) returning a possibly ranked list of relevant DSs. Information retrieval on the web relies on content-based search engines. However such engines cannot distinguish between DS interface pages and documents mentioning those DSs. Consequently they reveal rather inefficient for discovering biological DSs. In fact, specific crawlers have been designed to this aim such as BioSpider (Knox et al., 2007) or ACHE (Barbosa and Freire, 2007) . Such systems implement various strategies for filtering web forms in order to retrieve DS interface forms. In addition, text clustering methods may be used to predict a DS domain from the textual content of its associated form. However the resulting collections of links are poorly indexed and will not allow efficient querying.
Several catalogs of biological resources exist on the web under various configurations. Simple portals display a list of hypertext links to web servers giving access to bioinformatics tools and data sources. A very early example is the Pedro's list cited in (Cannata et al., 2005) that is unfortunately no more available. The Expasy Life sciences Directory directly derives from the page of links established by Amos Bairoch from the Swiss Institute of Bioinformatics. Usually maintained by one individual, such simple portals present immediate interest for people sharing the same research focuses. However, scrolling up and down the list to find a resource requires prior knowledge about these resources since they are generally poorly described or categorized. Moreover coverage and up-todateness are not guaranteed. Accumulation of broken links may rapidly degrade the quality and reliability of such lists of web links.
Some documented and well-maintained catalogs are today available on the web thanks to collaborative efforts. The database (each January since 1996) and web server (each July since 2003) special issues of the Nucleic Acids Research (NAR) journal digest every year such catalogs for both types of resources. Text and online versions of these catalogs are both available. In addition, the NAR list of bioinformatics web servers is made available through the Bioinformatics Links Directory (Brazas et al., 2008) . This directory is a public, curated collection of links to web servers, databases and general purpose resources for bioinformatics and molecular biology research. A partnership with NAR ensures that all of the links published in the Web Server special issue are included in the directory. The 2008 update brings the total number of servers listed in the Bioinformatics Links Directory to over 1200 unique links. The validity of the links is checked weekly. Navigation is facilitated by a two-level pre-established hierarchy of categories. The same hierarchy is used for the NAR catalog of web servers and the Bioinformatics Links Directory whereas a different one is used to structure the NAR database catalog (Galperin, 2008) . A similar example of catalog is the BioMed Central Databases initiative. Nevertheless, querying these catalogs mostly consists in simple text search in the title, the description, or the resource URL. This remains far from optimal with respect to information retrieval.
In order to optimize the DS retrieval process, relevant metadata have to be collected about various criteria that can be used to describe a database. Examples of such metadata can be found in the BioCat and DBCAT catalogs (Discala et al., 2000; Rodriguez-Thomé, 1998) . The former concerns programs used to process biological sequences and data. The latter concerns databases and is no more maintained. Interestingly, metadata items used for these two projects are the same: Name, Domain, Description, Authors, References, URL etc. The flat file format of these catalogs allows querying through advanced systems such as SRS (Sequence Retrieval System). Nevertheless, the two major limits of these systems are on the one hand the cost of maintenance which led to abandon the DBCAT project, on the other hand the open vocabulary used to encode metadata fields which strongly impairs querying capabilities.
A more recent effort to provide multi-criteria access to biological resources is the BioNetBook maintained at the Pasteur Institute. (Dekkers et al., 2003) and adapted to the description of biological DS identification, content and quality. Domain ontologies or controlled vocabularies or even enumerated values (such as lists of categories, list of resource types, etc.) are extensively used for encoding metadata fields in view of improving the performance of DB retrieval process. The approach reported here is a proposal to build the BioRegistry repository on the basis of an existing curated catalog of biological DBs, namely the Molecular Biology Database Collection published in NAR referred to as "the NAR catalog". Indeed our objectives in processing the NAR catalog were three-fold: (i) enrich data source indexing with metadata encoded using domain ontologies, (ii) improve the querying and browsing capabilities of the subsequent repository, (iii) address the maintenance question by the automatic generation of the metadata repository from updated primary information. Section 2 describes the design of the BioRegistry repository including the automatic procedure to extract metadata associated to DSs. The repository can be queried according to various modalities (Section 3). A formal conceptual clustering method is used to group DSs sharing common metadata and to generate a hierarchical concept lattice allowing users to browse through the repository (Section 4).
BioRegistry design -Automatic metadata extraction

Specification of the metadata items
In the NAR catalog, each entry, i.e. each registered DS, is associated with a summary, socalled here NAR DB summary. Figure 1 provides an example of summary for the FLAGdb++ data source. This summary displays various information on the considered DS: title, URL, contributor(s), publisher(s), a description of the database, its category and subcategory. In some cases it includes citations. In most cases, it provides a hyperlink (Abstract URL on Figure 1 ) to the abstract of a peerreviewed seminal paper describing the DS. Since this paper is indexed in the MEDLINE database we decided to use it as a source of information for the Subject and Creation date metadata. A typical MEDLINE entry contains textual fields but also structured information such as MeSH (Medical Subject Headings) annotations. The MeSH terms are organized in a poly-hierarchical structure and used consistently in the MEDLINE database to index biomedical literature. We hypothesize that the MeSH is a relevant controlled vocabulary for encoding Subject metadata. Therefore, the MeSH terms that describe the DS content (or Subject) can be extracted from the MEDLINE entry associated to the DS in the NAR catalog. Alternatively for those DSs that do not have an associated MEDLINE entry, we define the Keywords metadata as the MeSH terms occurring in the description of a DS. The NAR list of DSs is firstly parsed in order to extract the first metadata item (short description) and the URL for the NAR DB summary. Then the summary is parsed in order to retrieve additional metadata (as shown on Figure 1 ) as well as the Abstract URL which gives access to the PMID and ultimately to the MEDLINE entry associated with the DS. A final set of metadata, mainly the subjects, is extracted from this MEDLINE entry. The extracted metadata items that correspond to the DCMI (Dublin Core metadata Initiative) model are indicated with the * character. The dashed line indicates that the Keywords metadata are MeSH terms extracted by automatic parsing of the Description metadata item.
Automatic metadata extraction
The BioRegistry database
The BioRegistry repository is designed as a relational database including both metadata items about biological DSs and supplementary data related to the traceability and the maintenance. The BioRegistry relational data schema is given in Figure 3 . The BioRegistry database schema structures the metadata items of biological DSs collected w.r.t. to the harvesting procedure described earlier. The tables NAR_collection and MeSH_thesaurus store information about the NAR catalog and the MeSH thesaurus releases used for building the repository. The table named Validity_History traces DS unavailability in order to facilitate the maintenance of the repository. Every time a connection trial routine fails to connect to a DS, a row is inserted in the Validity_History table. The administrator may decide to remove a DS after three successive failures of the routine.
The metadata extraction procedure was applied to the 2009 release of the NAR catalog for filling the current BioRegistry database with about 1170 DSs along with their subsequent metadata. At the end of the process a total of 730 DSs are associated to a MEDLINE citation and are indexed with Subject metadata whereas 860 DSs are indexed by Keywords. About half of the repository is indexed by both Keywords and Subject (540 DSs). Only 120 DSs lack any indexation with MeSH terms.
Designing the BioRegistry repository as a relational database founded on a DataBase Management System (DBMS) allows centralized data management, data independence, and data integration. In a DBMS all data are integrated thanks to a global schema, thereby making data management more efficient and ensuring global data coherence. Furthermore, in our context, this makes possible enhanced querying capabilities (Section 3) and facilitates the export of specific metadata subsets for further exploitations of the BioRegistry repository. Classification of the DSs according to shared metadata thanks to Formal Concept Analysis (FCA) is one example of such further exploitation (Section 4).
Biological Data Source retrieval by querying
BioRegistry query modes
Various modes have been designed to query the BioRegistry repository. We define a query mode as the combination of a search criterion and a matching method. Primary search criteria are content metadata such as Subject or Keywords. Two matching methods have been explored so far: the classical boolean method and a similarity-based method. For instance, two query modes will be used in Section 3.3 involving the Subject metadata and either the boolean method or the similarity-based method. Secondary search criteria can be envisaged such as Creation_date or Publisher that express user constraints on DS quality. The Category/Subcategory metadata leads to a particular query mode compliant with the corresponding functionality in the NAR catalog.
Various similarity measures have been proposed that take into account hierarchical relationships between indexing terms. Martin et al. (2004) have defined a similarity measure between two lists of GO terms that counts the number of both terms and ancestor terms common to the two lists. The Gene Ontology (GO) is a hierarchy of controlled terms used for gene annotation (Gene Ontology Consortium, 2004) . We adapted this measure to the calculation of a similarity value between two sets of MeSH terms corresponding to the user query and to each data source. The counting of ancestor terms is facilitated when dealing with MeSH terms thanks to tree number(s) associated to each MeSH term. Let Sq be the set of MeSH terms in the query q, extended with all ancestors of each term, and similarly Sds i , the set of MeSH terms associated to DS i in the BioRegistry repository, extended with all their ancestors. Nq is the cardinality of Sq and Nds i the cardinality of Sds i . Let Nc i be the number of common terms in the two sets. The similarity value between the query and the DS i is given (in percentage) by the formula: Sim(q, DS i ) = 100*Nc i /(Nq+Nds i -Nc i ) (1) When the two sets of MeSH terms are identical, i.e., when the data source annotation perfectly matches the query, the double equality Nq=Nds i =Nc i leads to Sim(q, DS i ) = 100 %. An example of similarity calculation is shown in Figure 4 for a query about DSs concerning drosophila genes. 
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In order to avoid unnecessary calculations, it is possible to focus on DSs that are likely to display a positive similarity with the user query. This can be achieved by first retrieving the set of DSs indexed with at least one MeSH term present either in the query terms or among all descendants of the query terms in the MeSH tree.
Implementing the Data Source retrieval
We consider here the way of implementing the DS retrieval process in the BioRegistry repository structured as a relational database. SQL (Structured Query Language) is the standard query language relying on relational algebra for data retrieval. SQL is tuple-oriented because it retrieves efficiently all tuples that satisfy defined conditions. This contrasts with the querying mechanism in information retrieval process which is set-oriented and requires operations beyond the relational algebra (iterations, functions, sophisticated input/output…). Hence in order to be effective in satisfying the user need we need to combine the SQL language with a procedural programming language. The latter will allow the analysis of different sets of DSs indexed by the query metadata and retrieved by the former.
For instance in the similarity-based search the program first retrieves thanks to an SQL query the list of DSs that are indexed by any query term or any descendant of a query term, then it calls a function that calculates for each DS the similarity value w.r.t. query, and finally it displays the ranked list of DSs.
An application was developed according to these specifications using the MySQL DBMS and the PHP programming language. The BioRegistry query interface is now freely available on the web 2 .
Evaluation of the BioRegistry
Performance evaluation for information retrieval systems is usually based on a test collection and on an evaluation measure. The test collection consists of a collection of documents, a set of information requests, and a set of relevant documents for each request provided by specialists. The test collection used for the BioRegistry repository contains 10 queries that are shown in . The most popular evaluation measures are the recall and the precision defined as the fraction of the relevant documents which has been retrieved and the fraction of the retrieved documents which is relevant, respectively. When the retrieval system provides a ranked list of results, a proper evaluation requires plotting a precision versus recall curve (Baeza-Yates and Ribeiro-Neto 1999).
The first purpose of the evaluation reported here is to compare the Keywords versus Subject automatic indexing of DSs in the BioRegistry repository. Queries of the collection test were executed using a Boolean matching method with the two criteria consecutively. The results are presented in Table 1 (central part) . It can be seen that 7 queries give no result with the criterion Keywords in contrast with only 1 with the criterion Subject. This comparison is clearly in favour of the Subject metadata. The poor performance of the Keywords metadata is certainly due to the automatic indexing procedure used to extract MeSH keywords from the description text. Indeed, long MeSH terms such as "Genetic diseases, inborn" (query 1) will hardly match any term in a full text describing a DS. Hence this evaluation stresses the importance of improving the automatic indexing procedure. One promising track concern the use of MeSH entry terms to identify MeSH concepts that do not occur with their heading main spelling. For instance, this would lead with the former example to search in the description text terms like "Hereditary Disease", "Inborn Genetic Diseases", or "Single-Gene Defects" which are three entry terms associated to the MeSH term "Genetic diseases, inborn".
Optimizing the automatic indexing procedure is essential since Subject metadata only concern 2/3 of the repository. The Keywords criterion can advantageously complement the Subject criterion as exemplified in query 3. Table 1 : Test collection and evaluation of the BioRegistry DS retrieval system. # indicate the number of relevant DSs for each query in the test collection. Tot, Rel, P and R are for the total number of answers, the number of relevant answers, the precision and the recall values respectively. For the Boolean matching methods, the S and K indices refer to the Subject and Keywords criteria, respectively. For the search by similarity the "Subject" criterion was used. The second purpose of the evaluation is to assess the added value of the search by similarity. The search by similarity was performed on the test collection using Subject metadata. The evaluation of this query mode involves plotting precision versus recall curve for each query, and then an average precision versus recall curve over the collection test ( Figure 5 ). This curve is satisfactory per se and constitutes a validation of the extraction procedure proposed for the Subject metadata. Furthermore, we can compare the retrieval performance of this query mode with the boolean search on the same criterion, i.e., Subject. Since the boolean query mode does not provide a ranked list of results, this comparison can be simply performed by comparing the precision and recall values (Table 1 columns P S versus R S-sim and R S versus R S-sim ). Overall the mean recall value of the search by similarity is higher than the one observed for the boolean search. The situation is inverted for the mean precision value due to the large amount of results obtained for some queries 1, 3, and 7. Clearly improving the similarity measure would lead to a better precision for a fixed number of results. Indeed Ganesan et al. (1999) have proposed several similarity measures. In particular, the generalized cosine measure was exploited for clustering MEDLINE entries (Blott et al. 2005) based on the similarity of their MeSH terms. 
Biological Data Source retrieval by browsing
Querying the BioRegistry repository is appropriate when the user need is well defined but sometimes recognizing a relevant data source turns out to be easier than describing it. This motivates an alternative resource discovery mode which relies on browsing in a hierarchical classification of the DSs. We explore here the use of Formal concept analysis (FCA) (Ganter et al., 2005) in order to classify the DSs. FCA is a conceptual clustering method deriving implicit relationships from a set of objects described by their attributes. In the basic setting, data to be analyzed must be represented as a formal context which has the form of a binary table with rows corresponding to objects and columns corresponding to attributes. From such a context the FCA method computes formal concepts representing sets of objects characterized by a common set of attributes. These concepts are partially ordered and form a particular hierarchy of concepts called concept lattice which provides a suitable support for navigation into the data set it represents. Recently an extension of FCA was proposed to deal with complex data represented as many-valued contexts. The so-called SimBA (Similarity-Based Complex Data Analysis System) algorithm (Messai et al., 2008 ) builds a many-valued concept lattice using similarity between attribute values. The basic idea is that two objects share an attribute if the values taken by this attribute for these objects are similar (i.e. if their similarity is higher than a threshold).
The SimBA algorithm has been applied to a dataset exported from the BioRegistry repository. The data have been organized as a many-valued context where the objects are the DSs and the attributes correspond to the various relevant subhierarchies of the MeSH thesaurus, namely "Organisms" [B] , "Chemicals and Drugs" [D] , "Biological Sciences" [G] , and "Natural Sciences" [H] . The attribute values are the MeSH terms themselves. The similarity measure defined in the previous section is then applicable here to compare attributes values. Databases described with similar lists of MeSH terms are thus grouped together to form the concepts of the many-valued concept lattice. Figure 6 illustrates the lattice built from a dataset containing about 50 DSs with a similarity threshold set to 50 %. This lattice contains 37 concepts. Browsing through the concept lattice may start for instance at the concept number 1. This concept groups 4 DSs annotated with any of the 2 MeSH terms "Mice" and "Mice, mutant strains" having a similarity value of 89 % in the MeSH thesaurus. Top-down browsing in the lattice leads then to discover the 3 concepts (number 2 to 4) containing DSs annotated with additional MeSH terms ("Disease Models", "Animal" or "Mutation" and "Pathology", or "Phenotype"). Thus top-down browsing through the concept lattice guides DS discovery from larger groups of DSs sharing a few common topics to smaller more focused groups of DSs. Reciprocally bottom-up browsing will lead to the discovery of less specific DSs starting from more specific ones. Actually, the many-valued concept lattice constitutes a rich and meaningful classification of the subset of DSs extracted from the BioRegistry repository.
Discussion and conclusion
A first implementation of the BioRegistry repository has been completed. The first results globally validate the indexing procedures we defined to build the BR repository. Nevertheless some results suggest that is possible to optimize the automatic indexing procedure leading to the Keywords and the definition of the similarity measure. A more extensive evaluation campaign will be conducted to analyze the subsequent improvement of the retrieval performances in terms of both response time and efficiency of the retrieval.
Once the procedure of Keywords extraction optimized, we envisage to merge Subject and Keywords metadata in an additional query mode.
The use of conceptual clustering methods for classifying biological DSs on the basis of their metadata has to be evaluated as well. In particular, we plan to compare the resulting classifications with existing ones.
High-quality and semantic annotation of resources remains today a crucial issue for optimizing the coverage of these resources and enhancing their discovery. The solution proposed in this paper consists in automating the harvesting of such annotations, their encoding, and structuring in order to provide efficient discovery of biological DSs. In the related field of web service discovery, it can be noticed that the increasing use of web services in bioinformatics has urged the necessity to introduce semantics in their description. This issue has been addressed by both BioMoby and MyGrid projects (BioMoby Consortium, 2008; Wroe et al., 2003) . Semantic web services present interfaces described with terms belonging to ontologies. Then a relevant tool is also necessary for the discovery of web services (Lord et al., 2005) and workflow composition. In 2008, BioMoby and MyGrid projects gave access to 1400 and 3000 web services respectively. Nevertheless, even if some web services contribute to DS access interoperability, the tools aimed to allow their discovery are mainly oriented on input/output description of a resource and there is still a need of upstream content-based user-friendly mechanisms for DS discovery.
